MOLECULAR identification of the sweet taste receptor has facilitated our understanding of the molecular mechanism for the sweet sensation [1] [2] [3] [4] [5] [6] . The sweet taste receptor is a heterodimer comprised of taste receptor type 1, member 2 (T1R2) and taste receptor type 1, member 3 (T1R3). Both T1R2 and T1R3 belong to the C class G-protein-coupled receptor (GPCR) family, whose members have a cystein-rich domain and a large extracellular domain, namely a venus flytrap domain (VFTD) [7] . T1R2 and T1R3 resemble metabotropic glutamate receptor (mGluR1α) in their structure, and the information compiled about stereostructure of mGluR1α has been helpful to identify the ligand bind- ] i response to sucralose but not acesulfame K was inhibited by gurmarin, an antagonist of the sweet taste receptor which blocks the gustducin-dependent pathway. In addition, [Ca 2+ ] i response to acesulfame K but not to sucralose was resistant to a G q inhibitor. These results indicate that four types of sweeteners activate the sweet taste receptor differently and generate distinct patterns of intracellular signals. The sweet taste receptor has amazing multimodal functions producing multiple patterns of intracellular signals.
Louise, MO). Fura-2 and Fluo-4 were from Dojindo (Kumamoto, Japan).
Cell culture
MIN6 cells (passages [16] [17] [18] [19] [20] [21] [16] were grown in Dulbecco's modified Eagle's medium containing high glucose (Invitrogen, Carlsbad, CA), 50 µM β-mercaptoethanol, 70 µg/mL benzylpenicillin potassium, 100 µg/mL streptomycin sulfate and 15% fetal bovine serum (Sigma-Aldrich) and maintained in a humidified incubator containing 95% air and 5% CO 2 at 37 ˚C.
Evaluation of insulin secretion
MIN6 cells were seeded into 24-well plates and incubated for 48 h before measurement of insulin secretion. Cells were preincubated for 1 h in Krebs-Ringer-HEPES (KRH) buffer [136 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 5.0 mM NaHCO 3 , 10 mM HEPES/NaOH (pH7.4), and 0.1% (w/v) bovine serum albumin] in a 37˚C humidified incubator. The cells were then incubated in the same buffer containing 3 mM glucose in the presence and absence artificial sweeteners. The supernatant was collected and centrifuged at 300 x g for 10 min to remove cell debris. The insulin concentration in the supernatant was measured by radioimmunoassay (Eiken Chemical, Tokyo, Japan) according to the manufacturer's protocol. Insulin secretion data were normalized by the insulin content. To determine the total insulin content, insulin was extracted using acid ethanol [5% (v/v) acetic acid and 95% (v/v) ethanol] [15] . Statistical analysis was done by using Student's t-test.
RNA interference
Expression levels of T1R2, Gα gust and Gα s were reduced in MIN6 cells by using siGENOME SMARTpools (T1R2, M-040011-00-0005; Gα gust M-051421-01-0005; Gα s , M-040646-00-005, Thermo Scientific, Waltham, MA). Control cells were transfected with a siGENOME Non-Targeting siRNA #1 (D-001210-10-05, Thermo Scientific). T1R3 levels were reduced in MIN6 cells by using a GIPZ lentiviral shRNA (clone ID, V3LMM_441299, Thermo Scientific). Control cells were transfected with a pGIPZ non-silencing shRNAmir lentiviral control vector (Thermo Scientific).
Transfection
Cells were transiently transfected with 1.6 µg of most of the studies were done in taste cells of the tongue in vivo. It is now thought that the sweet taste receptor is coupled to a trimeric G protein gustducin [9] and activates phospholipase C-β 2 (PLC-β 2 ) [10] . Elevation of cytoplasmic calcium concentration ([Ca
2+
] i ) and subsequent activation of sodium-permeable TRPM5 channel is critical to the sweet sensation [10] . It has also been shown that sweeteners increase cyclic AMP [11] . However, the precise mechanism by which the sweet taste receptor increases cAMP is still unclear. Because of the complex structure of taste buds, it is difficult to study the signal transduction mechanism using isolated taste cells, and the precise signal transduction mechanism remains to be elucidated. As mentioned above, the sweet taste receptor is activated by a variety of coumpounds with diverse chemical structure and their binding sites are multiple. It would be an interesting question to determine whether or not these sweet molecules all induce a uniform set of intracellular signals.
It is now known that the sweet taste receptor is expressed in tissues other than taste buds, including the gastrointestinal tract [12, 13] and the brain [14] . We have reported that pancreatic β-cells express functional sweet taste receptor, and activation of the receptor by various sweet molecules leads to stimulation of insulin secretion [15] . Using an insulinoma cell line MIN6, we have demonstrated that a sweet taste receptor agonist sucralose increased both calcium and cAMP and activated protein kinase C (PKC) [15] . Thus, the sweet taste receptor expressed in β-cells activates a unique signal transduction pathway compared to many other GPCRs expressed in β-cells. The results also show that these cells provide a suitable experimental system to study the signal transduction pathway activated by the sweet taste receptor. In the present study, we investigated whether or not various sweet taste receptor agonists induce a uniform response using MIN6 cells as a model cell system expressing endogenous sweet taste receptor. Unexpectedly, the results show that four types of agonists induce distinct patterns of intracellular signals. Hence, the sweet taste receptor is a multimodal receptor which produces numerous patterns of intracellular signals depending upon the type of agonists.
Materials and Methods

Materials
Most chemicals and reagents were purchased from Wako (Osaka, Japan) and Sigma-Aldrich (St.
plasmid encoding Epac1-camps [17] or MARCKS-GFP [18] using Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer's instructions. Transfection efficiencies ranged between 40 and 50%. siRNA (10 nM) were transiently transfected by using Lipofectamine RNAi MAX (Invitrogen) according to the manufacturer's procedures.
Isolation of total RNA and quantitative RT-PCR
Total RNA isolated from MIN6 cells by using the TRIZOL Reagent (Invitrogen) was used for cDNA synthesis using a Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Science). The cDNA was used for quantitative RT-PCR template using FastStart Universal SYBR Green Master (Roche Applied Science) and the following primer sets. For T1R2 mRNA, the forward primer was 5'-CTGCTTC GAGTGTGTGGACTG-3' and the reverse primer was 5'-GAAGCAAGCGATGTTGTTCTTGTAA-3'. For T1R3 mRNA, the forward primer was 5'-AAGGCCT GCAGTGCACAAGA-3' and the reverse primer was 5'-GGCCTTAGGTGGGCATAATAGGA-3'. Primers for various G proteins are listed in Table 1 . For control β-actin mRNA, the forward primer was 5'-AG GATGCAGAAGGAGATTACTG-3' and the reverse primer was 5'-GCTGATCCACATCTGCTGGAA-3'.
The reaction was performed on an Applied Biosystems ViiA 7 Real-Time PCR system (Applied Biosystems).
Solution
Hanks Before the measurement, growth medium was removed and replaced with HBSS. Cells were visualized with a 40 Uapo/340 objective lens (Olympus, Tokyo, Japan). To detect the fluorescence image, we used the AQUACOSMOS/ ASHURA, 3CCD based fluorescence energy transfer imaging system (Hamamatsu Photonics, Hamamatsu, Japan). Images (40 ms exposure) were captured with a C7780-22 ORCA3CCD camera (Hamamatsu Photonics) at 10 sec intervals [7] . These values (F) were normalized to each initial value (F 0 ), and the relative fluorescence change was referred to as F/F 0 . In each experiment, recordings were obtained in more than ten cells. Results are expressed as mean ± SE of accumulated data obtained in multiple experiments. For determination of dose-response relationship and analyses of the effect of inhibitors, the area under the curve (AUC) was calculated. Statistical analysis was done by using the Student's t-test. ] i (Fig. 1D) (Fig. 1A and  1B ) . Elevation of [Ca 2+ ] i induced by acesulfame K and sucralose was rapid and sustained. Likewise, elevation shown in Supplementary Fig. 5A and 5B, the effect of carbachol on [Ca 2+ ] i was completely blocked by 10 µM U73122. This PLC inhibitor considerably inhibited [Ca 2+ ] i response to acesulfame K, sucralose and DPG, but it did not abolish the effects of these sweeteners ( Supplementary Fig. 5C-5H) . Results of quantitative analyses are shown in Supplementary Fig. 4 ] o (data not shown). Note that U73343, an inactive analogue of U73122, did not affect the calcium response to the sweeteners (data not shown).
Next, we determined whether or not acesulfame K, sucralose, DPG and saccharin activated PKC. To this end, we monitored translocation of a PKC substrate MARCKS. As reported previously [15] , unphosphorylated MARCKS is located in the plasma membrane and is released into cytosol when phosphorylated by PKC. We therefore monitored the changes in fluorescence intensity of the MARCKS-GFP in cytosol to determine the phosphorylation state of MARCKS. As shown in Fig. 4 , acesulfame K, sucralose and DPG evoked a rapid and sustained increase in the amount of MARCKS in cytosol. By contract, saccharin showed only a small effect on translocation of MARCKS. The effect of acesulfame K was inhibited by a PKC inhibitor, bisindolylmaleimide (Fig. 4E) .
We next examined whether or not G s was involved in the production of cAMP. To this end, we knocked down G s by introducing G s siRNA. As shown in Fig.  5A , the expression of G s was markedly reduced by G s siRNA. When G s siRNA was introduced to decrease the G s expression, the effects of sucralose (Fig. 5B and 5C) were markedly inhibited. Likewise, the effect of saccharin (Fig. 5D ) was significantly reduced. In contrast, the effect of acesulfame K was resistant to knock down of G s (Fig. 5E ). When [Ca
2+
] o was removed, [cAMP] i responses to sucralose, saccharin and acesulfame K were markedly reduced (data not shown).
We also examined the involvement of T1R2 and T1R3 in the actions of sweeteners. We knocked down T1R2 by using siRNA to undetectable levels. Nevertheless, the effects of four sweeteners were not changed (data not shown). We then knocked down T1R3 by using siRNA. The expression of T1R3 was reduced more than 90% (Fig. 6A) . In this condition, the effect of acesulfame K was significantly inhibited (Fig. 6B and 6C) . Likewise, the effects of sucralose and DPG were significantly reduced (Fig. 6D and 6E ).
nist-specific responses of intracellular signals. Effects of lower concentration of these compounds are shown in Supplementary Fig. 1 Supplementary Fig. 2 . Note that concentrations of acesulfame K, sucralose and saccharin higher than 50 mM were not examined since osmotic effects were significant at higher concentrations. Likewise, concentrations of DPG higher than 3 mM was not examined since viability of the cells was affected considerably at higher concentrations of DPG.
Next (Supplementary Fig. 3H ).
Removal of [Ca
2+
] o markedly but not completely inhibited the [Ca 2+ ] i responses to acesulfame K, sucralose, and DPG ( Supplementary Fig. 3C, 3F and 3I ).
Thus, [Ca
2+
] i responses to these sweeteners were only small in the absence of [Ca
] o . Results of quantitative analyses are shown in Supplementary Fig. 4 . We reported previously that gurmarin, an inhibitor of the sweet taste receptor [19] ] i response to sucralose, whereas those of acesulfame K and DPG were not changed by gurmarin (Fig. 2) . Results of quantitative analyses are shown in Supplementary Fig. 4 . We then examined the effect of YM254890, an inhibitor of G q [20] . We previously showed that YM254890 completely blocked carbachol-induced elevation of [Ca 2+ ] i [15] . This compound, however, did not inhibit [Ca 2+ ] i response to acesulfame K (Fig. 3A) . In contrast, [Ca 2+ ] i responses to sucralose was markedly inhibited. Also, the effect of DPG were partially inhibited by YM254890 (Fig. 3B  and 3C ). Results of quantitative analyses are shown in Supplementary Fig. 4 .
We then examined the effect of U73122, an inhibitor of PLC, on [Ca 2+ ] i response to sweeteners. As ] i was resistant to gurmarin. Collectively, the four types of agonists induced different patterns of intracellular signals. Given that some of these of agonists perhaps bind to different portions of the receptor, it is a unique property of the sweet taste receptor to generate multiple patterns of signals.
With regard to G proteins coupling to the sweet taste receptor, we previously showed that the effect of sucralose on [Ca 2+ ] i was inhibited partially by a G q inhibitor YM254890, which blocks G q , G 11 and G 14 [20] . Since YM254890 completely blocked the effect of carbachol, we interpret these data as sucralose activating PLC-β 2 through activation of YM254890-sensitive and -insensitive G proteins. Among YM254890-sensitive G proteins, involvement of G q or G 11 seems less likely since a combination of T1R2 and T1R3 expressed in HEK293 cells do not activate PLC-β 2 [5] . As shown in Fig. 2D , the effects of sucralose on [Ca 2+ ] i was inhibited by gurmarin. Shigemura et al. [22] showed that the gurmarin-sensitive signaling pathway may be linked to the expression of gustducin. This raises the possibility that the effects of sucralose may be partially dependent on gustducin. To confirm this notion, we performed series of experiments. First, we compared the expression of various trimeric G proteins in MIN6 cells by quantitative RT-PCR. The results showed that, comparing to the expression of G s , G i , G o , G q and G 11 , the expression of gustducin was extremely low. Second, knock down of gustducin did not affect [Ca 2+ ] i responses to three sweeteners. Collectively, involvement of gustducin in We then measured the expression levels of various trimeric G proteins in MIN6 cells by quantitative RT-PCR. As demonstrated in Supplementary Fig. 6 , the expression of G s , G i , G o and G q/11 was relatively high in MIN6 cells. However, the expression level of gustducin was extremely low, being less than 0.01% of that of G q . Moreover, knock down of gustducin did not affect the [Ca 2+ ] i responses to acesulfame K, sucralose and glycyrrhizin (data not shown).
Finally, we examined the effects of acesulfame K, sucralose, saccharin, and DPG on insulin secretion. We reported previously that sucralose, saccharin and acesulfame K increased insulin secretion in MIN6 cells [15] . As shown in Fig. 7 , DPG also increased insulin secretion.
Discussion
In the present study, we compared the effects of four agonists of the sweet taste receptor, namely acesulfame K, sucralose, saccharin and DPG using MIN6 cells as a model cell system expressing endogenous sweet taste receptor. The former three compounds are structurally unrelated artificial sweeteners, whereas DPG is a natural sweetener isolated from licorice root [21] , which is 30-50 times as sweet as sucrose. Structurally, DPG has a steroid-like chemical structure. Although the doses of acesulfame K, sucralose and saccharin are high, sim- or G 14 in MIN6 cells. What is the molecular basis for these diverse actions of the sweet taste receptor. The sweet taste receptor resembles mGluR1α in its structure. Takeyama and Kubo [26] showed that glutamate, which binds to VFTD of mGluR1α and stabilizes an active conformation of VFTD, activates both G q and G s and thereby increases [ 3+ -induced a closedclosed/active state to G s . It is likely that a similar type of switching, though much more complex than that of mGluR1α, takes place in the activation process of the sweet taste receptor. Given that the sweet taste receptor has at least four binding sites for various sweet substances, there may be numerous kinds of switching of the signaling system. Consequently, the sweet taste receptor is a yet undescribed multifunctional GPCR, which is able to activate a variety of intracellular signaling pathways in various combinations. When activated by a compound mimicking saccharin action, the cAMP pathway is activated. When activated by a compound mimicking DPG action, the PLC-Ca 2+ pathway is activated. Moreover, when it is activated by a compound mimicking sucralose or acesulfame K action, both cAMP and Ca 2+ pathways are activated. In this regard, agonists for the sweet taste receptor act as biased agonists. Given these properties, and the fact that this receptor is expressed in internal organs, the sweet taste receptor may be a potential target molecule to develop new therapeutic compounds to treat various diseases.
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None of the authors have any potential conflicts of interest associated with this research. the action of sucralose in MIN6 cells seems unlikely. At present, the nature of YM254890-insensitive G protein is not identified.
The effect of acesulfame K on [Ca
2+
] i was different from that of sucralose. Acesulfame K-induced elevation of [Ca
] i was not affected either by gurmarin or by YM254890, suggesting that the G protein mediating the action of acesulfame K is different from those involved in the action of sucralose. As shown in Fig. 2B and 2C, the effect of acesulfame K was inhibited by knock down of T1R3. Hence, acesulfame K increases [Ca 2+ ] i by activating the sweet taste receptor. Nevertheless, knock down of T1R2 did not affect the action of acesulfame K. Furthermore, compared to T1R3, the expression level of T1R2 is quite low in MIN6 cells [23] . It is thus possible that acesulfame K acts mainly on the homodimer of T1R3 as in 3T3-L1 adipocytes [24] . This noton is supported by a recent report showing that glucose-induced exocytosis of insulin granules is delayed in β-cells obtained from T1R3-null mice but not T1R2-null mice [25] . Collectively, the sweet taste receptor system in β-cells may be slightly different form the canonical sweet taste receptor system in taste cells of the taste bud. Note that the acesulfame K-induced elevation of [Ca
] i was significantly inhibited by a PLC inhibitor, and acesulfame K slightly increased [Ca 2+ ] i in the absence of [Ca 2+ ] o . This sweetener, therefore, mobilizes calcium from an intracellular pool(s) presumably by activating PLC, and it also augments calcium entry by a [Na + ] o -dependent mechanism. In any case, acesulfame K activates PLC by a mechanism independent of YM254890-or gurmarin-sensitive G protein.
As shown in Supplementary Fig. 5D , 5F and 5H, the effects of acesulfame K, sucralose and DPG on [ 
